We studied theoretically the c-axis Josephson critical current for bicrystals of high temperature superconductors twisted an angle c5o about the c-axis with respect to each other. We used the effective Lawrence-Doniach models appropriate for the cases of pure s-wave or dr2_y2-wave order parameters, and of a dominant d22-wave order parameter combined with a subdominant one of either s-wave or d-wave form, as a function of the temperature and 4o. Our results demonstrate that this new phase-sensitive experiment can serve as a very useful test of order parameter symmetry. In particular, the recent zero-field experiments in the vicinity of T by Li etal. on c-axis twist junctions of Bi2Sr2CaCu2O8+o are very difficult to explain with a dominant d2_2-wave order parameter.
INTRODUCTION
Recently, there has been a raging controversy regarding the orbital symmetry of the superconducting order parameter (OP) in the high temperature superconductors (HTS). Many experiments13 were interpreted in terms of a d2_2-wave OP, but many others47 were interpreted in terms of a more conventional s-wave OP. In the last year or so, an increasing number of these experiments appear to have been easiest to explain from a predominant d1,2_2-wave OP, most likely accompanied by a substantial subdominant s-wave OP. 8 However, nearly all of the important experiments purporting to provide evidence regarding the orbital symmetry of the OP were performed on the single material YBa2Cu3O7_ (YBCO). Unfortunately, YBCO is always distinctly orthorhombic, due to the inescapable presence of the conducting CuO chains. Hence, both the s-wave and the d,22-wave OPs belong to the same representation of the relevant crystal group C2, , and can mix freely at all temperatures T. Thus, before one becomes too prejudiced by the apparent results on a single material, one ought to examine the available experimental evidence which might be relevant to this question in a different material.
To date, the only other materials for which Josephson junction experiments, which are the most sensitive experiments to determine the phase of the OP, have been performed are the single experiment on T12Ba2CuO4+o (Tl2201)9 and a few on Bi2Sr2CaCu2O8 (Bi2212).1014 Until recently, T12201 was thought to have a crystal structure that was tetragonal, but very recent neutron diffraction results have determined that most samples of T12201 are rather orthorhombic, as is YBCO.'5 Although there has never been any consensus on the actual crystal structure of Bi2212,'6 most samples are thought to be orthorhombic. However, in this case the orthorhombicity is different, with a distortion along the diagonal between the crystal a-and b-axes.17 Such a distortion would not lead to the coexistence of a d2_2-wave OP with either an s-wave or a d,-wave OP except below a second phase transition, since these OPs are manifestations of different representations of the crystal group.
Until recently, the only published experiments in Bi2212 relevant to the OP symmetry of which we were aware were made by Josephson tunneling into the ab-plane and into a mixed c-axis, ab-plane configuration, and by scanning tunneling microscopy (STM) onto the top (c-axis) surface.13"82° These experiments led to inconsistent conclusions, with STM measurements appearing to give "d-wave-like" results when the tip was above a (nominally semiconducting) BiO layer, but "s-wave-like" results when it was above a (superconducting) CuO2 layer. While apparent Josephson tunneling into the c-axis did not produce any measureable values of the product IR of the critical current and __________ '-7 '-1 ssC sC -1 Figure 1 . Left: Sketch of the twisted hicrystal. A single crystal is cleaved in a plane normal to the c-axis, the two cleaved sections are rotated by an angle o with respect to each other, and then fused together as pictured. Right: Cross-section, with the darkly shaded indicating the twist junction between layers 1 and -1 with pair tunneling strength ii', and the other junctions with pair tunneling strength i• the quasiparticle resistance, Josephson tunneling into the ab-plane gave a very large ITh value, which has recently also been seen consistently in c-axis point contact measurements,21 although the direction of the Josephson currents in that latter experiment was unknown. In addition, c-axis tunneling between Bi2212 and doped-Bi2212 sandwich thin films was measured, giving very large values for underdoped samples.22 Such experiments are easiest to explain with an s-wave OP. However, angle-resolved photoemission spectroscopy (ARPES) experiments on Bi2212 have been interpreted as being consistent with an OP of the d2_y2 forrii. 23 We remark that ARPES experiments are insensitive to electronic properties of the sample arising from states physically deeper than about 10 A from the surface. Although one cannot determine the phase of the OP through ARPES experiments, one would have to conclude from the data that the OP was locked onto the crystal lattice on the top atomic layer normal to the c-axis, provided that the ARPES experiments are indeed measuring the superconducting and not some other OP such as that pertaining to a charge-density wave (CDW) or spin-density wave (SDW).24
Very recently, some preliminary result.s relevant to the symmetry of the OP in Bi2212 have become available.10'1114 First, c-axis Josephson tunneling between Pb and Bi21212 was finally observed, with a beautiful Fraunhofer diffraction pattern (in the most recent, as yet unpublished, results), and Shapiro steps indicating that the tunneling was of first order only. This demonstrates conclusively that there is indeed an s-wave component to the OP in Bi2212. However, since IR was 1-2 ;1V, the magnitude of the measured s-wave component at 2 K was very small.14 In addition, a high-quality single crystal of Bi2212 was cleaved mechanically between neighboring BiO layers, tile two cleaved surfaces were then rotated by an angle q0 with respect to each other, and heat treated to fuse them back together, as pictured in Fig. 1.10 Miraculously, transmission electron microscope (TEM) studies showed that the fused boundary appeared in many samples to he essentially perfect.11 To measure the I across the twist boundary, the authors attached two current leads far from the twist, and four voltage leads near to it. Due to the large values of I at low T, it was necessary to apply a substantial magnetic field along the c-axis to reduce I. The I(o) they obtained were identical to those obtained for single crystal Bi2212, without any twist boundaries, and were essentially independent of o.10 For T close to the transition temperature T it is possible to measure I without applying a magnetic field. First results also show no significant variation of Ic with the twist angle Very recent zero field measurements with the current leads on the top and bottom of the twisted bicrystal appear to be much more conclusive, as discussed in the following.12 These observations appear to he incompatible with a dominant d2_2-wave OP, and are difficult to explain without a substanza1 s-wave OP component in Bi2212.
Unfortunately, the dependence of I upon the junction area A and on the current distribution, which could he very inhomogeneous, is presently unknown. However, we expect that these and other potential ambiguities inherent in the present experiments will be removed in the future.'2 We have therefore studied the problem of the critical supercurrent along the c-axis in a highly anisotropic layered superconductor (i.e. Bi2212) with a c-axis twist junction angle . We restrict our considerations to the temperature regime near T, where the experiments can be performed in the absence of a complicating magnetic field, which we neglect. It is our aim to establish whether d-wave pairing can be ruled out conclusively by measuring the supercurrent through a c-axis twist junction. achieve this aim it is necessary to take into consideration admixtures of OPs with different symmetries in such a way that the interpretation of other experiments is not affected. If the pair state, locked onto the crystal lattice, had d2_2-symmetry, as pictured in Fig. 2a , it is obvious that the supercurrent would vanish for o = 45°. The presence of a subdominant OP with dry-symmetry would allow the overall d-wave OP to rotate and thus compensate for the twist,, as pictured in Fig. 2b . In addition, a subdominant s-wave OP could dominate the supercurrent because of differences in the tunneling matrix elements. Such a configuration is pictured in Fig. 2c. 
THE MODEL
The details of this calculation have been presented elsewhere. 25 We assume that. the system consists of 2N >>> 1 layers, which are labelled with integers n such that -N < a < -1. 1 < a < +N. The two sections n 1 and n < -1 of the crystal are assumed to be rotated relative to one another by an angle o, creating a [001] twist grain boundary between layers n = 1 and ri = -1, as iii Fig. 1 . For simplicity, we treat each microscopic CuO2 double layer of Bi2212 as a single conducting (or superconducting) layer. We assume that the charge carriers on these planes are fermions described by the standard Hamiltonian 11 of layered superconductors. We assume both coherent and incohcrent interlayer tunneling with matrix element t±1(k -k'), with its incoherent part allowing for a small but finite amount of interlayer tunneling of d2_2-wave pairs.2526 Assuming the interlayer tunneling process is 'weak', we expand the anomalous Green's function F(k,w) in powers oft. For coherent tunneling in the hulk of a layered superconductor, it is elementary to include the tunneling to all orders in 1,2728 but when a surface (such as a twist boundary) is introduced, the OPs on each layer are inequivalent, and the Fourier transform technique does not work along the c-axis direction.29'3° We thus rely on this expansion technique, although it is only valid for I << T in the absence of intralayer scattering. We calculate to order 12, which leads to the linear coupling of the OPs on adjacent layers, the Josephson tunneling term in the Lawrence-Doniach model. 25 The gap equation is obtained by inserting the anomalous Green's function evaluated to second order in I into the mean field equation for z(k). Depending on the range over which the twist grain boundary affects the intralayer OPs, we need to solve a rather large number of coupled two-dimensional nonlinear integral equations. (The total number of layers considered in most of our numerical calculations was 160.) This problem is so formidable that one needs to make some simplifying assumptions to make it amenable to numerical solution.
We first make the standard approximation of expanding about the Fermi Energy EF. Second, we approximate the pairing interaction ,\ by a sum of separable terms: A(k,k,) = where the basis functions {(k)} are chosen in accordance with the symmetry of the system. The functions we shall consider (dl) .r For the pure d2_2-wave state, we then have
where the refers to opposite sides of the twist. This is pictured for 4o = 45° in Fig. 2a , at which the critical current vanishes.
Next, we consider a combination of states with d2_2-and d-symmetry,
which can also be written as Cvcos(2q5 [co -bn]), provided A and B are real and B changes sign across the twist grain boundary. This situation is pictured for 4o = 45° in Fig. 2b . We see that such a superposition of the two d-wave states will reduce the mismatch between the OPs across the twist grain boundary and thus will lead to an increase in the coupling between layers and hence also in • A complicating feature is that in the presence of two nearly degenerate pairing channels, weak coupling theory predicts a time reversal symmetry breaking state like AflV'cos(24k cSo) + iBflV'sin(2q5 co) far from the twist. Near the twist and below the transition temperature of the subdominant pair state we would, therefore, expect A and B to be both complex.
Finally, we consider a combination of states with d,,2_2-and s-wave symmetry, = Afl/cos(2qk o) + B ,
For real OPs, this case is pictured in Fig. 2c . We only consider two OP components, so we can use A to designate the average amplitude of the dominant OP component (taken to be d2_2-wave) and B to designate that of the subdominant OP component, which may be either d-or s-wave. Since there appears to be no thermodynamic evidence for a second zero-field phase transition, and hence the presence of two or more OP components in Bi2212, we shall study the variation of the OP components and the Josephson critical current with layer index for several values of the temperature at which the transition to a two-component state takes place, including very low ones.
There is no need to consider the case of a pure s-wave OP. Although very important, this situation does not require any calculations, since the twist junction does not necessarily affect the OP, which is generally independent of n,29 and the critical current is independent of 4o. It obviously fits the existing c-axis twist data very well.
Third, we only consider the Ginzburg-Landau regime.
LAWRENCE-DONIACH PHENOMENOLOGICAL MODEL
The Ginzburg-Landau theory of superconductivity has been generalized to layered materials by Lawrence and Doniach.3' The corresponding equations for multicomponent unconventional pair states in the presence of a twist grain boundary are obtained by expanding the first term in the gap equation for Z to third order in while keeping only first order contributions in the terms coupling near-neighbor layers. Linearizing the resulting equations and ignoring contributions from tunneling, one finds the bare transition temperatures T. The d-wave transition temperatures are suppressed from their bare values by scattering, leading to modified T2 values. We shall thus treat TA and TB 3.S independent parameters. For the Josephson tunneling across neighboring layers other than across the twist junction, we write the relevant coupling strengths as and , which contain identical contributions from coherent tunneling, but different contributions from incoherent tunneling. Across the twist junction, we write the analogous quantities as v and r , allowing for the possibility that tunneling matrix elements representing this process might be different. This possibility arises from the fact that the atomic orbitals entering in a microscopic calculation of the tunneling matrix elements would be rotated with the lattice. Depending on the anisotropy of the orbitals involved, their overlap will thus depend on the twist angle ço. In addition to this intrinsic effect the quality of the interface could be different, especially if the samples were treated chemically or physically after cleaveage and before fusing together to form the twist junctions. This possibility could be of great experimental importance, and will be discussed further in the conclusions.
In order to introduce dimensionless quantities and to reduce the number of parameters, we normalize all OP components with respect to IA), the amplitude of the dominant OP in the bulk far from the twist junction in the 
-tAF_1,+1 = {x1 -x_1} cos o+ [Y1 +Y_1J sin 2) for dd (7) (ix1 -X_iI2cos2co + PCi +X_iI2sin2c5o) + v1 -Y-l12 for ds, are the terms arising from intralayer pairing, interlayer coupling, and twist grain boundary coupling, respectively.
FLD remains the same if we change ç5o from zero to ir/2, provided the signs of X, and Y, for all n < -1 are
changed. The same is true if we replace an arbitrary q5o by ir/2 -qo. To render F..1+1 invariant, we also have to change the sign of 'o taking into account the fact that one is now rotating the sample sections in opposite directions. The effect of a twist grain boundary for tetragonal systems is thus seen to be symmetric with respect to the twist angle 7rnax 7/4. Henceforth, we shall only consider the range 0 ço ir/4. The free energy describing the twist grain boundary coupling is not symmetric with respect to the interchange of layer indices in the dd-case, unless X1 = X_1 and Yi Y_1. This choice, however, does not minimize F_i,+i for c5o 0. By analyzing the relevant symmetries, we conclude that the solutions of the Lawrence-Doniach equations for the dd-case have the symmetry X_, = X and Y_ = -Y for all 1 n N. This conclusion can also be reached by studying the Lawrence-Doniach equations for the real and imaginary parts of the OPs, for which the computer code was written, and it is supported by the results of our numerical calculations. For ir/2 ?5o r/4, the minus sign would appear in the relation for the dominant OP. Using this symmetry, F_i,+i reduces to Fd?1 = -!!i{IXsinqo _ Ycosqo2 + IXcosco +Y"sincioI2} (8) where a prime (double prime) denotes the real (imaginary) part. We see that, with X' -Yr" tan qo and Y' = -x tan q5, Fd1 would vanish for any çbo. No such cancellation can occur for F1 so that the only way to reduce this (positive) contribution to the free energy is to suppress the d-wave OP near the twist, while the (isotropic) s-wave OP, unaffected by the presence of the twist, should show the bulk behavior Y = Y,,.
A complication can be expected in the dd-case at temperatures T < TB and for d < 0. Then the subdominant OP is real and finite for all twist angles. To minimize Fd1 one would need to have the symmetry Y1 = Y_1 for 0=OandY1 =-Y_i forqo=ir/2.
CRITICAL CURRENT
In the Ginzburg-Landau regime we find for the combination of two d-wave states given in Eq. (2) that the total Josephson current across the twist grain boundary ig = 4eN2D(O) ij Im {(A1A:1 + B1B..1) cos 24o -(A1B1 -B1A1) sin 24o}
The corresponding result for the combination of a d2_2-state and an s-wave state given in Eq. (3) reads ig = 4eN2D(O)Im {rAiA1 cos 2/i0 + rjB1B1 } (10) The current between any other pair of neighboring layers is formally obtained from these equations by setting i = 7) = lJs, O = 0, and by replacing (1, -1) by any pair (n, n 1) of positive (upper) or negative (lower) integers. The OP amplitudes A and B are calculated by minimizing Eq. (4), which describes a large but finite stack of Josephson coupled superconducting layers. Without attaching current leads, no net current can flow perpendicular to the layers so that I must vanish for all n. This means that the expression inside the braces must be real, even though A and B may be complex. We can thus interpret the expressions on the right hand sides of Eq. (9) and Eq. (10) without the imaginary part being taken as the criiical Josephson current I.
BOUNDARY CONDITIONS
The influence of the twist grain boundary should be restricted to some limited number of adjoining layers so that on the extremal layers n = of a large (N >>> 1) but finite stack considered in the numerical calculations, the At sufficiently low temperatures the subdominant OP becomes nonvanishing. From Eq. (5) it is obvious that for 6d,s > 0 the free energy is minimized if the phase difference between X and Y is corresponding to a pair state with an anisotropic but nodeless energy gap. For 5d,s < 0 the phase difference is zero. Since the overall phase factor is arbitrary we can choose X real and Y real or imaginary, depending on the sign of 6d,s . For all the cases under discussion, X and Y can be determined by minimizing F (FLD with all interlayer coupling terms removed), The situation is even more complex in the dd-case with 5d > 0 for temperatures in the range T T TCB, where Y00 = 0. It would appear that one possible solution would be to have both X and Y1 real for all n. However, since the dominant OP is suppressed near the twist grain boundary, it is less effective in suppressing the subdominant OP. We can thus expect to find a complex subdominant OP for small layer indices. A complex Y, varying from layer to layer results in a finite Josephson current. This is compensated by a finite imaginary part X. While lim Y = 0, there is no reason for X to vanish, because the phase of the dominant OP on either side of the twist grain boundary is arbitrary. Imposing XN 0 has the consequence that X' varies linearly with n when Y is already negligible. This, again, results in an unphysical Josephson current, which has to be removed by a judicious choice of the phase for the dominant OP. For 4o = ir/4 one can see from Eq. (9) that I 0 if we put O -ir/4. For arbitrary twist angles 4o there seems to be no analytic result for O. 
NUMERICAL RESULTS AND DISCUSSION
Probably the most interesting aspect of the present theory is the creation of a subdominant d-wave OP by the strain associated with the twist grain boundary, which would render the Josephson critical current finite even for a 45°-twist. Since the assumed dominant d2...2-wave OP is forced to be small near the twist, its suppression of the subdominant or s OP component is reduced near the twist from its larger amount in the bulk. Thuc, a finite critical current can exist across even a 45° twist for T > . This process is, however, possible only if the pairing interaction, characterized by a bare transition temperature T°B 1 finite. On the other hand, if one assumes that the penetration depth measurements,32 exhibiting linear in-T behaviors at low T, are related to nodes in the superconducting OP, then one would need to have the actual T very small, indeed.
We shall begin our discussion with choosing TCB/TCA = 0.2, which is large enough to make the expected effects clearly visible but small enough to make the observation of a second superconducting transition in the bulk material unlikely. The other parameters are i = z' = 1, d = 0.5, and öd = 0.05. For these parameters, the actual bulk transition temperature of the subdominant OP TS = 0.1304TA. This value for TB is well below the temperatures T for which we can trust our Ginzburg-Landau approximation to give reliable results. We shall mainly consider the regime T > TB for which both OPs are real. In Fig. 3 we show the Josephson critical current Eq. (9) such that Xi is is a sizeable fraction (X1 = 0.524 in this case) of its bulk value.
We see from So far we have not shown how the results depend on the parameters e and 5 which describe the strength of coupling between the dominant and the subdominant OPs. The values used actually differ from the weak coupling result, listed above Eq. (4). We did change e to 2/3 and varied 5 between +f/4 and -E/4. Even changing the sign of 6, which would favor a real subdominant OP, has little effect on the results presented so far. The changes are at most a few percent and would be barely visible in these figures.
For the temperatures TA > T > TcB considered so far, the combination Eq. The only other really relevant parameter, in addition to r and ij', therefore is the strength of pairing in the subdominant channel, parametrized by TB. Results for the ds-case with TCB/TCA 0.9 are presented in Fig. 5 , which shows the bulk solutions and the solutions on layer #1 together with I as function of temperature for the maximum twist angle q50 = 45°. For this value of TB we obtain T = 0.8571 TA. At this temperature the bulk s-wave order parameter Y sets in with the usual square root behavior while X drops with a discontinuity in slope.
As in the dd-case with T > TB it suffices to consider only two OP amplitudes, X, which is chosen to be real, and Y, which is real or imaginary depending on the sign of 6 in Eq. For the parameters chosen, X1 at TB 5 reduced through the proximity effect to about half its bulk value.
Replacing X with X1 < X = 1 in the relations above Eq. (12) shows why the transition temperature for Y1 is found to be higher than Tj . An accurate estimate of this transition temperature is not possible because the coupling to outer layers also serves to suppress Y1 . It is only in this rather indirect way that the twist grain boundary has an effect on an isotropic subdominant s-wave OP. Note that, unlike X, X1 continues to grow with decreasing temperature, even after the onset of Y1.
At q = 45°t he Josephson current is carried solely by the s-wave component of the condensate so that, unlike the dd-case considered above, Ij is finite only below temperatures at which Y1 is finite. At temperatures not very far below Tj, Yi and X1 are comparable in size. Since from our discussion of the tunneling matrix elements we would expect ?J >> p1:,, the Josephson current would flow primarily in the s-channel at any twist angle so that I would show little variation with q except very close to T. This explanation for the absence of a strong variation of I with twist angle implies, however, a substantial deviation in the nodal structure of the OP in the bulk material from that of the d2_2-state.
Finally, we consider the case of two coexisting d-wave states, Eq. (2). As before, we choose TcB/TA = 0.9 and consider the temperature T = 0.8 TB < T = 0.8571 TA. T is the same as for the ds-case because we use the same parameter values for e and t5. When bd in Eq. (5) is negative, the phase difference between the and the d!-state vanishes. As discussed above, in order to relieve the strain induced by the twist grain boundary the subdominant pair state should be antisymmetric with respect to the layer index. Starting the iteration with a trial solution that has this symmetry, we obtain a convergent result for any twist angle. In the left panel of Fig. 6 we show the purely real solution Y' = -Y1 for the subdominant state on layer #1 as a long dashed line and the Josephson critical current across the twist junction as a short dashed line. However, in the absence of the twist we expect that a solution with the symmetry Y' = would minimize the free energy. Starting with a trial solution that has this symmetry we find convergence only up to twist angles qfo 25°. minimum Josephson critical current, shown as a dot dashed line, does not occur at the twist junction but a few layers away from it, the distance depending on o• In this case we compared the free energies to establish which is the correct solution. The result is that the most stable state is the one that has the largest minimum Josephson critical current. Thus, at the twist angle at which the short dashed and the dot dashed lines cross, the system undergoes a phase transition during which the OP changes its symmetry with respect to the layer index. When d > 0, as expected from weak coupling theory, the phase difference between the two d-wave states is ir/2. In order to avoid spurious Josephson currents we have to multiply the bulk solutions with a phase factor Eq. (12) . The phase angle 0 in Eq. (12) is not quite the correct choice when the boundary conditions are imposed not at infinity but at some finite layer index N. For N '= 80, 0 has to be modified by less than one degree to reduce the Josephson current to below the numerical error. The numerical solutions have the symmetry expected according to that describe above Eq. (8) at all twist angles. At o = 0, the amplitude of the dominant pair state is real, that of the subdominant state is purely imaginary. As qo is increased, a real part Y' and an imaginary part X" are created that serve to rotate the clover leaf of a d-wave state relative to the lattice to minimize the interlayer coupling energy. In the intermediate temperature regime T < T < TB the subdominant OP has a finite complex amplitude near the twist grain boundary. To cancel the Josephson current that results from Y" 0 the dominant state must acquire an imaginary part. While Y' and Y" must go to zero far away from the twist since Y 0, there is no reason for X" to vanish in the bulk. When one imposes X" = 0 as a boundary condition, one finds that X" vanishes linearly at the outermost layer, whatever the number of layers considered may be. The result is again a spurious Josephson current. The correct solution is obtained by multiplying X with a suitable phase factor, Eq. (12) . In this case we do not have an analytic formula to calculate the phase angle. The Josephson critical current for two such nearly degenerate d-wave states is very nearly independent of the twist angle at all temperatures. 
CONCLUSIONS
If the in-plane OP of high temperature superconductors has d-wave symmetry, the Josephson critical current from one conducting layer to the next is exactly zero30'33 unless there is some coherent tunneling,27'28 or else there is some momentum dependence to the incoherent tunneling amplitude25'26'30'33'34 containing a component with d-wave symmetry. If either one or both of these preconditions is fulfilled, the Josephson critical current jJC across a c-axis twist junction varies with twist angle qo as cos 2q0 if the pair state has d,,22-symmetry. Thus, JgC(q50 45°) 0 for 0 < T TA, which is clearly inconsistent with the published data.'°A t intermediate twist angles, I even falls below cos 2qo because of the proximity effect, which suppresses the OP on layers close to the twist grain boundary. The size of this suppression, and the number of layers affected, depend on the strength of the Josephson coupling between the layers, which cannot be estimated directly from the normal state resistance. The proximity effect depends via the coherence length strongly on temperature so that changes resulting from variations of the twist angle should be more easily detectable close to T. This predicted strong dependence of jJC(0) near to T for the dr2_y2-wave state is inconsistent with the more recent (unpublished) data. '2 A nonvanishing Josephson critical current at twist angle q'o = 45°can result if a second pairing channel with d-or s-symmetry exists. Even if the d-pairing is very weak, so that one would not expect to see a second superconducting transition, we find a finite OP with this symmetry on the layers forming the twist junction at all temperatures at which the dominant OP is nonvanishing. For weak d-pairing we would still expect to see a substantial variation of I with the twist angle. This variation is stronger close to T because, as the temperature is raised, jJC(0 = 45°) will drop much more rapidly than the bulk critical current. This is inconsistent with the recent unpublished) zero field data taken near to T . 12 If by some miracle the two d-wave states are nearly degenerate, however, the combined state is more or less free to rotate relative to the crystal axes and very little variation of IJC (5) would ensue. Such a state, however, would have a finite and rather wavevector-independent energy gap everywhere on the Fermi surface, which would render it inconsistent with all experiments perporting to give evidence for d-wave superconductivity.
The existence of an s-wave pairing channel has no effect on I(ço 45°) at temperatures above the transition temperature T3 at which this s-wave state would form in the absence of any other pairing. In a narrow temperature range < T < T3 , where T is the temperature below which a two-component pair state is formed in the bulk, the s-wave component can form near the twist junction and thus render I(qo 45°) finite. If the tunneling is predominantly incoherent, the Josephson coupling between s-wave states is expected to be much stronger than that between d-wave states, unless the quasiparticle momentum is very nearly conserved during the incoherent tunneling process. A small s-wave component, possibly too small to be detected by other means, could thus carry most of the Josephson current, in which case no dependence of I on the twist angle would be expected. Unless the s-and d-components of the pair state coexist at all temperatures, possibly because the crystal symmetry is monoclinic, or otherwise different than purported, one would expect to see some dramatic change with temperature in I(co).
Such changes are not seen in the recent (unpublished) data. 12 It is evident from Fig. 4 that ifthe dominant OP were the presumed d,2_2-wave OP, decreasing ri', causes strong variations in the angular dependence of the normalized critical current, so that twist junctions with ç5o =45°would have a vanishing critical current for T values down to TB , the bare transition temperature of the subdominant OP. We remark that if, the Josephson coupling parameter across the twist junction, can be varied experimentally by chemically reacting the cleaved surfaces prior to forming the twist junction. In addition, since the actual critical current is proportional to i, weakening the twist junction decreases the critical current for all twist angles Note that this would also be the case for a pure s-wave OP, except in that case there would be no dependence upon the twist angle qo . Decreasing i' substantially should provide evidence that effects of the twist boundary are indeed observed.
We thus encourage further experiments to be carried out near to T with zero applied magnetic field. In principle, one can measure the full I(T) for different 4o values. These are predicted to give the maximum information regarding the symmetry of the superconducting OP and the nature of the tunneling process between layers. A preliminary set of such experiments is currently in progress, and the results will be presented at this meeting.12 Ideally, one should study groups of samples, each group having the twist junctions deliberately weakened with identical procedures. Furthermore, experiments should be carried out to determine whether the current paths are indeed homogeneous. This could be done by decreasing the area of the junction, and seeing if the critical current scales with the junction area. Also, the placement of the current and voltage leads should be varied. Some of these changes have been made, and the others are planned. 12 We remark that the very recent experiments of Li el a!. reported at this conference were performed with 4o = O,450, and 9O 12 The critical currrent was measured along the c-axis direction, and the junction area was measured. I(T) was measured from T down to at least O.5T. In all samples, no variation with twist angle was seen, and I(T) fit the Ambegaokar-Baratoff curve quantitatively.35 Thus, the data appear to be difficult to explain with a purported dominant d2...2-wave OP in Bi2212. To the contrary, the data are easy to explain with a pure s-wave OP. However, because the crystal symmetry allows mixing of an s-wave with a d-wave OP, one cannot rule out the simultaneous presence of a d,-wave OP, even at or near to T.
Finally, we remark that one might wonder if a large s-wave OP component inferred in Bi2212 could be reconciled with the small amplitude of IR measured in c-axis Pb/Bi2212 Josephson junctions.'4 One possibility is that the ioA of Ag in the tunnel junction might greatly reduce the amplitude of the s-wave OP component on the surface from its much larger, bulk value.30 In a fused twist junction, an s-wave OP would behaves as if it were in the bulk.
